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Chromatin polynucleosomes have been digested with trypsin immobilized on collagen membranes. This 
method allows the mild removal of the most accessible histone fragments simply by dipping the enzymatic 
membrane into the chromatin solution, without modification of its ionic and chemical composition. These 
results demonstrate that the removal of Hl does not affect the higher-order structure of chromatin and 
that only the elimination of the terminal regions of H3 leads to the unfolding of Hl-depleted fibres. This 
observation suggests that structural changes reported in many previous works were not due to only the 
removal of Hl but to a concomitant unbinding from DNA of the N-terminal domain of H3. 
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1. INTRODUCTION tural changes observed were due only to the 
removal of Hl [5,6]. 
Evidence has accumulated in the literature in- 
dicating that histone Hl is involved in the 
organization of chromatin fibres (reviews [l-3]). 
Some models have been proposed to account for 
this role and it has been suggested that Hl is 
localized at the point where DNA enters and exits 
from the core particle and that its presence is re- 
quired to maintain the higher-order structure of 
chromatin [4]. Much of the evidence has come 
from electron microscopy and physico-chemical 
studies of chromatin after elimination of Hl. In 
many cases the dissociation procedure was neither 
mild nor selective nough to prove that the struc- 
Abbreviations: PMSF, phenylmethylsulfonyl fluoride; 
EDTA, ethylenediamine tetraacetic acid; TAME, p- 
toluene sulfonyl-L-arginine methyl ester; CD, circular 
dichroism 
Our strategy has consisted in disrupting the 
chromatin structure by the use of proteases to 
assess the role that Hl plays in the condensation of 
chromatin [7]. Here, this approach has been im- 
proved by using trypsin immobilized on a collagen 
membrane [8,9]. With this method, the digestion is 
initiated simply by dipping the membrane into the 
chromatin solution at 25°C and the use of Ca2’ 
and of protease inhibitor is then avoided. This 
method allows the mild removal of the most ac- 
cessible protein fragments without modification of 
their ionic environment, and provides valuable in- 
formation about the role of each distinct part of 
histone molecules in the maintenance of chromatin 
superstructure. The results obtained by following 
changes in circular dichroism (CD) and electric 
birefringence properties indicate that the removal 
of Hl does not affect the structure of chromatin 
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and that only the digestion of the terminal regions 
of H3 lead to the unfolding of the Hl-depleted 
fibres. 
2. MATERIALS AND METHODS 
Rat liver nuclei were prepared as in [lo]. 
Chromatin was briefly digested by micrococcal 
nuclease [l l] and solubilized by lysis of the nuclei 
in 0.2 mM EDTA, 0.2 mM, PMSF (pH 7.0). High- 
order oligomers were purified on a 5-28.2% 
isokinetic sucrose gradient in 1 mM sodium 
phosphate buffer, 1 mM EDTA (pH 7.4). After 
centrifugation for 18 h at 26000 rev./min in a 
SW 27 rotor, fractions containing oligomers with 
more than 10 nucleosomes were collected and 
dialyzed overnight against the standard buffer: 
1 mM sodium phosphate, 0.2 mM EDTA 
(pH 7.4). 
HI was either dissociated from chromatin at 
high ionic strength and removed by fractionation 
on the gradient described above containing 
500 mM NaCl or extracted with the ion-exchange 
resin AG 50 WX-2 [12] under different ionic con- 
ditions [5,12,13]: 
(i) 1 mM sodium phosphate, 0.2 mM EDTA plus 
either 100 mM NaCl (buffer A) or 500 mM 
NaCl (buffer B); 
(ii) 50 mM sodium phosphate, 0.2 mM EDTA 
plus either 50 mM NaCl (buffer C) or 100 mM 
NaCl (buffer D). 
All Hl-depleted samples were dialyzed exten- 
sively against the standard buffer. 
Proteolytic digestion was performed by using 
trypsin covalently bound to the surface of a col- 
lagen membrane (2 cm x 2 cm), after an acyl-azide 
activation process [ 181. This immobilization pro- 
cedure which has wide potentialities [9] avoids the 
trypsin autolysis and the leakage of active protein 
which otherwise would contaminate the reaction 
medium. The immobilized enzyme activity deter- 
mined by the rate of hydrolysis of TAME was 
equal to 0.2bmol .min-’ in the standard buffer 
(8 cm2 area for both faces of the film). 
The chromatin digestion was initiated by dip- 
ping the enzymatic membrane into 10 ml of the 
chromatin solution (A260 = 1.5) and stopped by 
taking the membrane out. The reaction medium 
was carefully thermostatted at 25°C and con- 
tinuously stirred, in parallel with a control solution 
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without membrane to check that no significant 
proteolytic degradation occurred. 
SDS-16% polyacrylamide slab gels were run as 
described by Laemmli [14]. Circular dichroism 
measurements were obtained using a Dichrograph 
III-Jobin Yvon apparatus. The data are presented 
as molar ellipticity [8] in deg. cm’. dmol-‘. Pro- 
cedures for transient electric birefringence ex- 
periments on chromatin solutions have been 
described [7,15,17]. 
3. RESULTS 
3.1. Dissociation of histone HI 
The protein analysis demonstrates that the 
removal of Hl is complete and that no measurable 
loss and degradation of the 4 core histone are 
observed (fig.la). The CD spectrum of native 
chromatin showing correct DNA folding [18] 
changes drastically on the removal of Hl (fig.2a): 
the [&ES value is sharply increased, the negative 
peak around 295 nm disappears and the crossover 
point shifts from 268 to 262 nm. 
It is now admitted that only native chromatin in 
a very compact conformation displays a positive 
birefringence in contrast to the negative ones of 
DNA and oligonucleosomes [7,19,20]. Then, the 
negative anisotropy reported by some authors can 
be explained by differences in the protein content 
or from a partial unfolding of nucleosomal chains. 
Typical birefringence oscillogram of Hl-depleted 
chromatin is presented in fig.3. Upon the removal 
of Hl the sign of birefringence reversed becoming 
negative and more like that of DNA. Such a 
behaviour had been reported for purified 
oligonucleosomes [ 17). 
3.2. Digestion with immobilized trypsin 
The electrophoretic pattern of chromatin pro- 
teins in the course of trypsin immobilized treat- 
ment is shown in fig. lb. The order of digestion 
then observed accords with the fact that Hl is the 
most rapidly attacked and that H3 is the first 
histone of the core to be digested [l 1,21,22]. Con- 
comitant with the disappearance of H3, the pep- 
tide Pl appears described as H3 residues 27-129 
[23]. With increasing digestion time, the digest is 
very close to those published [21,23-271 and after 
24 h incubation, all histone fractions were com- 
pletely degraded. 
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Fig.1. SDS-polyacrylamide gel electrophoresis of 
Hl-depleted chromatin (a) and tryptic digests of 
chromatin (b). (a) Slots l-7 refer, respectively, to native 
chromatin (l), chromatin-treated in high ionic strength 
(2) and treated with the resin in the presence of standard 
buffer (3), buffers A, B, C and D (4-7). (b) Slots l-9: 
Chromatin digested with immobilized trypsin for 0, 
0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h and 12 h. Slot 10 
shows the analysis of chromatin incubated for 12 h 
without membrane. The arrow heads indicate the 
peptide P 1’ . 
We observed that the selective removal of Hl 
(after 4 h digestion) has no appreciable effect on 
the CD spectrum (fig.2b) and on the birefringence 
signal of native chromatin; in particular, the 
a 
’ b 
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Fig.2. Circular dichroism spectra of Hldepleted (a) and 
trypsin digested chromatin (b). (a) Native chromatin 
( -) was treated with the resin in the presence of 
buffers A (---), B (-----), C (--) and D (---), 
respectively. (---) refers also to the dissociation and 
removal of Hl on gradients in high ionic strength. (b) 
Native chromatin was digested with immobilized trypsin 
for 5 h (-), 7 h (---), 10 h (---) and 18 h (-.-). 
anisotropy remained positive (fig.3). With the ex- 
tent of digestion and the appearance of Pl, the CD 
spectrum shows a slight overall increase in elliptici- 
ty with a shift in the crossover point to 262 nm. In 
the meantime, a negative contribution to the 
birefringence appears and the signals become 
characteristic of the presence in the solution of 
components displaying opposite birefringence 
319 
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Fig.3. Typical oscillograms of the electric birefringence 
of chromatin. (a) Rectangular electric pulse; the field 
strengths applied varied from OS-3 kV.cm-‘; (b) 
native and (c) Hl-depleted chromatin. (d), (e), (f) refer 
to chromatin digested with trypsin for 5 h, 7 h and 10 h, 
respectively. The amplitude of negative signals in (c) 
depends on the buffer used during the resin treatment 
and increases in the order A, C, D and B. The value with 
buffer A is identical to that obtained after a dissociation 
of HI on gradients in high ionic strength. 
signs [7]. After 8 h digestion all positive contribu- 
tion has disappeared. The birefringence is entirely 
negative and its amplitude increased on digestion. 
A marked change in the DNA conformation af- 
fecting the CD spectrum was only observed after 
18 h incubation: [8]283 was increased to 
3400 deg. cm2. dmol-’ and the negative peak 
around 295 nm had disappeared. 
4. DISCUSSION 
In contrast to the removal of Hl by salt 
treatments, the mild and selective elimination of 
Hl with trypsin immobilized on a solid support 
does not lead to the disruption of the higher-order 
structure of chromatin. Structural change observ- 
ed by the reversal of birefringence sign appeared 
only with the digestion of terminal regions of H3. 
This result demonstrated that these histone tails 
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are easily accessible to proteases and directly in- 
volved in the maintenance of the 30 nm fibre struc- 
ture. However, it is of particular interest to deter- 
mine precisely which distinct domains of the H3 
molecule plays the fundamental role in the 
organization and stabilization of nucleosomal 
DNA. 
H3 is always the first histone of the core to be 
degraded [11,21,22] and its tryptic digestion results 
in two limit peptides: Pl representing residues 
27-129 and Pl’ the residues 21-135 containing 
the 6 C-terminal residues [23]. The finding that this 
C-terminal domain is easily accessible to proteases 
because in a very exposed location of the core par- 
ticle [23,28,29] correlates well with the fact that 
PI ’ is frequently observed in histone extracts from 
chromatin and very likely due to some autolytic 
digestion of chromatin [23]. 
Although our physical measurements on native 
chromatin and on samples incubated for a long 
time yield identical results while noting the 
presence of this faint band (fig.l), it is reasonable 
to conclude that the 6 C-terminal residues 130-135 
of H3 are not involved in the stabilization of the 
superstructure. 
Therefore it appears reasonable to propose that 
the N-terminal domain of H3 plays such a stabiliz- 
ing role, as this had been suggested for the basic 
histone tails [2,30,33]. These NHz-terminal regions 
which are not required for the folding of DNA 
within their own core particle [26,27,30] might in- 
teract stably in the 30 nm fibre with the DNA of 
the adjacent nucleosome [3,33]. The removal of 
these regions from core particle leads to reversible 
salt-dependent ransitions due to a partial un- 
folding of this particle [27]. It has then been pro- 
posed that the amino-terminal domains, which 
have a cluster of basic residues resulting in a large 
net positive charge, cover nucleosomal DNA in a 
delocalized manner typical of counterions con- 
densed by DNA 1341. This observation and the 
results presented here suggest that in many 
previous works on Hl-depleted chromatin the ef- 
fects reported were not due to the removal of Hl 
alone but to a concomitant unbinding from DNA 
of the N-terminal domain of H3. 
Our results suggest that the interactions with 
DNA of this amino-terminal region of H3 may af- 
fect DNA supercoiling and then play an important 
role in the dynamic aspect of chromosome struc- 
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ture [35]; e.g., acetylation of histones has been cor- 
related with gene transcription and it had been 
demonstrated that the major sites of this acetyla- 
tion are in the basic NHz-terminal tails which ex- 
hibit the greatest degree of sequence conservation 
121. The acetylation would neutralize positive 
charges of H3 and weaken the electrostatic interac- 
tions with DNA allowing the 30 nm fibre to adopt 
a more open conformation [3]. 
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